SECURITY  CLASSIPICATION  OP  THIS  PAGE 


fT'DOCUMENTATION  PAGE 


la.  REP  ^  ^  ^  ^ 

^  AD-A208  893  L 

2a.  sec  *  oc 

_ ^  ^ 

2b.  OEC_^.>v>i  iv^iK  I  UVJV«l'4UlVA 

NONE 


a.  PERFORMING  ORGANIZATION  REPORT  NUMBER 


lb.  RESTRICTIVE  MARKINGS  ,  i  i  • 

NONE  L  s !  .  ■ 

'  I  t  j 

3.  DISTRIBUTION /availability  OF  REPORT 

UNLIMITED 


S.  MONITORING  ORGANIZATION  REPORT  NUMBERIS) 


Technical  Report  #15  - .  . 


6a.  NAME  OF  performing  ORGANIZATION  6b.  OFFICE  SYMBOL  I  7a.  NAME  OF  MONITORING  ORGANIZATION 


Stanford  University 


(/f  ipplieable) 


Office  of  Naval  Research 


6c  ADDRESS  (Gty,  Sfare.  and  ZIP  Cade) 

Department  of  Chemical  Engineering 
Stanford  University 
Stanford,  CA  94305-5025 


8a.  NAME  OF  FUNDING /SPONSORING 
ORGANIZATION 

Office  of  Naval  Research 


8c  ADDRESS  (Gty,  State,  and  ZIP  Code) 
800  North  Quincy  Avenue 
Arlington,  VA  22217-5000 


7b.  ADDRESS  (City,  State,  and  ZIP  Code) 

800  North  Quincy  Avenue 
Arlington,  VA  22217 


8b.  OFFICE  SYMBOL  9.  PROCUREMENT  INSTRUMENT  IDENTIFICATION  NUMBER 
Of  applicable) 

N00014-87-K-0426 


10.  SOURCE  OF  FUNDING  NUMBE.RS 


PROGRAM 

PROJECT 

TASK 

ELEMENT  NO. 

NO. 

NO. 

WORK  UNIT 
ACCESSION  NO. 


n.  TITLE  (/ne/ude  Security  Classification) 

Infrared  and  Fluorescence  Spectroscopic  Studies  of  Self-Assembled  n-Alkanoic  Acid  Monolayers 


12.  PERSONAL  AUTHOR(S) 

S.H.  Chen  and  C.W.  Frank 


13a.  TYPE  OF  REPORT  13b.  TIME  COVERED 

Technical  Report  from  88/6/1  to 


16.  supplementary  notation 


14.  DATE  of  report  (Year,  Month,  Day)  15.  PAGE  COUNT 

1  89/5/30  19 


Galley  proofs  for  Langmuir  publication 


COSATI  COOES 


SUB-GROUP 


18.  SUBJECT  TERMS  (Continue  on  reverse  if  necessary  and  identify  by  block  number) 


19.  ABSTRACT  (Continue  on  reverse  if  necessary  and  identify  by  block  number) 

^Infrared  and  fluorescence  spectroscopic  methods  were  used  to  study  the  kinetics  and  thermo¬ 
dynamics  of  the  formation  of  self-assembled  films  of  n-alkanoic  acids  by  adsorption  from 
solutions.  The  adsorption  of  stearic  acid  from  hexadecane  solutions  onto  glass  and  aluminum 
substrates  was  shown  to  lead  to  monolayer  formation.  A  Langmuir-type  transient  adsorption 
model  was  shown  to  be  applicable  to  these  systems.  The  stationary  fluorescence  spectroscopy 
of  a  pyrene-labeled  alkanoic  acid  probe  was  also  used  to  determine  the  relative  values  of  the 
kinetic  constants  of  various  fatty  acids  having  different  number  of  carbons  in  the  chains. 

A  linear  increase  of  approximately  230  cal/mole  in  the  negative  free  energy  of  adsorption  with 
increasing  chain  length  of  the  fatty  acids  was  found.  This-  is  attributed  to  the  energetic 
contribution  of  the  molecular  organization  of  the  aliphatic  chains  to  the  self-assembly 
process. 


20.  DISTRIBUTION /AVAILABIUTY  OF  ABSTRACT 
O  UNCLASSIFIED/UNLIMITED  □  SAME  AS  RPT. 


22a.  NAME  OF  RESPONSIBLE  INDIVIDUAL 
Dr.  Kenneth  J.  Wvnne 


21.  ABSTRACT  SECURITY  CLASSIFICATION 
□  otic  USERS  Unclassified 


22o.  .'ELEPHONE  (Include  Area  Cuuc)  22c.  OFFICE  SYMBOL 

(202)696-4410 


DO  FORM  1473. 84 MAR 


piSTHteunuiN  statkmd3^“X 

Approred  fur  public 


83  APR  edition  may  be  used  until  exhausted 
All  other  editions  are  obsole^. 


SECURITY  classification  OF  THIS  PAGE 


S9  6  05  097 


OFFICE  OF  NAVAL  RESEARCH 
Contract  N00014-87-K-0426 
R  &  T  Code  413h005 


Technical  Report  No .  15 


Infrared  and  Fluorescence  Spectroscopic  Studies  of  Self -Assembled 

n-Alkanoic  Acid  Monolayers 


by 


S.  H.  Chen  and  C.  W.  Frank 


Prepared  for  Publication  in  Langmuir 


Stanford  University 

Departments  of  Chemical  Engineering  and  Electrical  Engineering 

Stanford,  CA  94305 


May  30,  1989 


Reproduction  in  whole  or  in  part  is  permitted  for  any  purpose 
of  the  United  States  Government 


This  document  has  been  approved  for  public  release  and  sale; 
its  distribution  is  unlimited. 


t 


TTL03 

SEN03 

AOB03 

Airroj 

AAS03 

HOG03 

RCVOl 

TXT03 

SEN03 

PAR03 

SBN03 


SENM 


SEN09 


FARM 

SBNOS 

SBNOe 

SCN09 

SBNta 


PAR09 

S£N(n 


PARI2 

SEN03 

SENM 


SEN09 


PARtS 

SEN03 


PARIS 

SEN03 

SEN06 

SEN09 


SEN13 


PAR31 

SEN03 


SENOS 


SEN09 

SEN13 


»/ '  1 

UNIT  NO.  231  #90421  > 

0*1.  I  LA4MI9  LA880224E  V003  1004 

'x:  ^  i  U. 


t 


\ 


1 

1 

8 

14 

25 

1 

i: 

22 

31 

37 

« 

14 

1 

8 

7 

18 

4 

13 
7 

14 

I 

9 

19 

77 

:u» 

9 

18 

I 

10 

5 

15 
36 
13 
3J 

1 

9 

18 

27 

34 

1 

12 

19 

6 
13 

4 

13 
21 

7 

14 
34 

1 

9 

15 
24 
31 

5 
14 
21 

3 

1 

9 


Infrared  and  Fluorescence  Spectroscopic  Studies  of 
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1.  Introduction 


Organized  organic  molecular  monolayers  formed  by 
spontaneous  adsorption  from  solution,  known  as  self-as^ 
sembled  films,  have  been  the  subject  of  a  number  of  studies 
reported  in  recent  years.'*^  As  an  increasing  number  of 
improved  physical  measurements  have  been  used  to  study 
the  se!f-8««emL*«d  films,  more  and  more  experimental 
evidence  has  accumulated  in  support  of  the  formation  of 
these  compact,  welNorganizecNwhich  closely  resemble 
Langmuir~Blodgett  monolayers.^^  The  potential,  but  yet 
to  be  demonstrated,  application  of  this  technique  in  var- 
ious  technologies  has  made  it  even  more  promising. 


Amphiphilic  molecules  are  known  to  form  ordered  mo¬ 
lecular  structures.  The  head/ tail  group  interaction  with 
the  substrate  is  the  major  factor  affecting  Tilm  deposition 
in  the  Langmuir-Blodgett  transfer  process.*^  In  the  ad¬ 
sorption  of  surfactants  on  solid  surfaces,  this  factor  also 
plays  an  important  role.  In  the  following,  we  indicate 
several  poaaible  situations  in  which  adsorption  of  surfac¬ 
tants  occurs  from  solutions: 


(a)  Surfactants  solvated  in  hydrophilic,  polar  solvents 
or  in  tha  form  of  micelles  above  the  critical  micelle  con¬ 
centration  adsorb  onto  a  hydrophobic  adsorbent  such  that 
the  hydrophobic  tails  of  the  surfactant  molecules  attach 
111  llitt  Hurliice.  'riiu  iiMtlmoiltiH  Hue  up  with  uiie  iiiHiilinr 
to  form  a  monolayer,  leaving  the  hydrophilic  head  groups 
at  the  surface  exposed  to  the  hydrophilic  solvent'**'’ 


(b)  Surfactants  in  hydrophilic,  polar  solvents  adsorb  onto 
a  hydrophilic  adsorbent  in  two  steps.  At  first,  surfactant 
molecules  adsorb  to  form  a  layer  with  the  hydrophilic  head 
groups  anchored  to  the  surface  and  the  tails  lined  up  with 
one  another.  On  top  of  this  Hrat  layer,  a  second  layer  of 
surfactant  molecules  can  then  adsorb  with  the  tails  down 
to  form  a  hemimicelle  or  bilayer  structure.'**” 


(c)  Surfactants  in  hydrophobic,  nonpolar  solvents  adsorb 
onto  a  hydrophilic  polar  surface  such  that  the  hydrophilic 
head  groups  are  bound  to  the  surface  while  the  hydro- 
phobic  tails  line  up  with  one  another,  forming  a  mono¬ 
layer.’"* 


In  all  systems,  the  van  der  Waals  interaction  among  the 
hydrophobic  aliphatic  portions  of  the  adsorbate  molecules 
contributes  to  their  alignment.  The  tendency  of  these 
molecules  to  form  organized  monolayers  increases  with 
increasing  length  of  the  aliphatic  chain.**  Cle-irtv,  b-th 
the  substrate-head  group  binding  and  the  van  der  Waals 
attraction  among  the  hydrocarbon  chains  will  control  the 
adsorption  kinetics.  In  general,  the  well-known  Langmuir 
isotherm  is  applicable  for  monolayer  adsorption.''  '’  but 
very  little  kinetic  data  have  been  reported  for  these  types 
of  systems. 


Infrared  spectroscopy,  either  in  the  transmission  mode,'’ 
the  grazing  incidence  reflection-absorption  (GIR)  mode,** 
or  the  attenuated  total  reflection  (ATR)  mode,”  has  bee. 
used  for  the  characterization  and  structure  determination 
of  the  self-assembled  monolayers.  GIR-IR  is  especially 
useful  in  determining  the  mnlectiler  orientation  in  the  fiun 
structures  because  it  detecta  only  the  vibrational  compo¬ 
nent  perpendicular  to  the  substrate  surface.'-*  Polarized 
ATR-IR  can  also  be  used  for  orientation  determination.’-'* 
McKeigue  and  Oulari'*  have  used  ATR-IR  to  quantita¬ 
tively  study  the  adsorption  of  the  surfactant  Aerosoi-OT. 


Fluorescence  spectroecopy  of  systems  containing  small 
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8  fractions  of  covalently  bound  fluorescent  probes  within  the 

16  compound  of  interest  can  provide  molecular-level  infor- 

22  mation  about  structure  (e.g.,  configuration  and  molecular 
29  association),  microenvironment  (e.g.,  polarity  and  viscos* 

24  ity),  and  dynamics.  Useful  tools  include  various  stationary 

7  fluorescence  emission  peak  intensity  ratios,  excitation 
13  energy-transfer  experiments,  and  transient  depolarixation 
18  measurements.  The  usefulness  of  the  fluorescence  probe 

8  approach  has  been  demonstrated  for  a  variety  of  systems. 

17  e.g..  micellar  solutions.^*  polymer  adsorption.^^  and  FNT  16.  FNT  17 

23  Langmuir-Blodgett  films. FNT  18 

1  In  these  two  spectroscopic  techniques,  IR  measures 

9  directly  the  presence  and  orientation  of  molecules  while 
17  fluorescence  indirectly  monitors  their  properties.  There- 

2  fore,  they  can  be  considered  as  complementary  experi- 
9  mental  t^Ls.  However,  incorporation  of  the  probe  mole- 
7  cules  into  the  system  may  actually  disturb  the  structure 
16  of  the  host  systems  because  of  the  buikiness  of  the  aro- 
26  matic  fluorophorea  or  the  aggregation  of  them.  To  min- 

3  imize  these  problems,  only  the  minimum  amount  of  probe 
12  molecules  should  be  used. 
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Allara  and  co-workers*'^'*  and  Sagiv  and  co-workers,*'*'’ 
in  their  series  of  extensive  studies  using  a  number  of 
characterization  techniques  have  demonstrated  that  self- 
assembled  films  of  structure  similar  to  that  of  the  Lang- 
muir-BlodgetC  films  can  be  produced  under  appropriate 
conditions.  They  also  showed  that  the  kinetics  of  ad¬ 
sorption  is  important  in  the  formation  of  these  or^nized 
two-dimensional  films,  which  very  few  past  studies  haye 
yet  focused  upon. 

In  this  paper,  we  report  the  results  of  our  studies  of  the 
dynamics  of  the  self-assembitng  adsorption  procem.  We 
used  IR  spectroscopy  to  study  the  thermodynanuc  and 
kinetic  aspects  of  adsorption  of  fatty  acids  from  nonpolar 
solutions  onto  polar  surf^aces.  The  variation  of  wettability 
of  the  substrate  surfaces  provides  an  auxiliary  indication 
of  monolayer  formation.  We  also  report  the  application 
of  stationary  fluorescence  spectroscopy  of  incorporated 
pyrene  probes  in  adsorbed  mixed  monolayer  films  and  its 
use  as  a  simple  method  for  the  determination  of  the  rel¬ 
ative  adsorption  constants.  Further  studies  on  the 
structural  aspects  of  these  adsorbed  films  using  fluores¬ 
cence  probes  are  currently  under  way  in  this  laboratory. 

2,  Experimental  Section 
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t.  Materials.  The  adsorbates  consisted  of  the  hofooiogous 
series  of  the  even  n-aikano«c  acids,  abbreviated  as  C|«  through 
Ca,  which  were  obtained  from  Sigma  Chemical  Co.  Those  aamplea 
with  nominai  purities  leaa  than  99%  were  recrystailized  twice  from 
ethanol.  The  pyrene  end-tagged  palnnitic  (hexadecanoic)  acid 
(Py~Ct«)  was  obtained  from  Molecular  Probes.  Inc.,  and  used  as 
received.  The  solvents  n-hexadecane  <KD).  ethanol,  acetone,  and 
toluene,  also  from  Sigma  Chemical  Co.,  were  used  as  received. 
Distilled  and  deionized  water  was  used  for  substrate  cleaning  and 
contact  angle  meaaurementa.  The  microscope  glass  slides  were 
obtained  from  Becton  Dickinson  and  Co.  |'‘Gold  Seal*  brand). 
The  ATR  crystal  (one-paaa  parallelepiped  KRS-5;  46*,  50  x  10 
X  3  mm)  was  obtained  from  Herrick  ^ientific  Inc. 
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Distribution/ 
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2.  Sample  PreparatioB.  Precleaning  of  the  solid  aufaatrates 
was  found  to  be  vital  to  the  subsequent  adsorption  prnrcia.  with 
tha  following  cleaning  procedures  found  to  yield  reproducible 
results.  The  microscope  giaas  slides  were  first  degreased  with  120 
*C  HiS04/K)Ot  (4:1)  solution  for  20  min.  followed  by  consecutive  ^ 
water,  ethenol.  and  acetone  rinaea.  and  finally  dried  in  the^^^ 
(hoxidizing  portion  ol  a  Bur.se.i  uurner  flame  lor  vS.  lO  s.  tTle 
aJummum  subalratea  were  prepared  by  evaporating  approaimately 
1000  A  of  uitrapure  alumimim  onto  precleaned  Si  wafers.  (It  is 
well-known  that  an  aJuroinum  surface  will  develop  e  thin  lop  layer 
of  natural  oxide.  In  this  work,  no  elUmpt  was  made  tocontrol 
the  surface  aluminum  oxide  thickness  after  the  deposition  of 
aluminum.)  The  aluminum  substrates  could  be  reuMd  after 
cleaned  with  cold  5%  HfSO*  solution  for  ca.  30  s,  followed  by  ^ 
water,  ethanol  and  acetone  rinaea  and  finally  gende-fUat  drying. 
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1  Adsorbate  solutions  were  prepared  by  dissolving  weighed 
«  portiona  of  the  fatty  ecida  in  HD  to  desired  concentratiiMia  covering 
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the  rtnge  froin  10*’  to  lO**  M.  Precleaned  glass  vtals  were  used 
as  the  adsorption  cells.  During  the  initial  dissolution,  it  was 
necessary  to  warm  the  liquid  contents  to  about  50  *C.  The  same 
procedure  was  also  used  to  rediasolve  the  crystals  occasionally 
formed  during  solution  storage,  especially  for  the  more  concen- 

ftOI  Ml  •ftjtilinn*  nf  jinH  P**.  Th#  pf^pwration  *tf 
>lie  luoiHilayer  IIIiiin  wnn  rnfrltHi  <Hit  nl  22  *t<.  Tt»  <lt>  this,  liie 
substrates  were  immersed  in  the  solutions  for  e  predetermined 
period  of  time  end  then  removed.  A  strong  nitrogen  gas  jet  wss 
used  to  blow  off  any  remaining  liquid  droplets  on  the  surface  or 
the  edges  of  the  substrates. 


Pyrene-labeled  mixed  monolayers  were  prepared  by  adsorption 
from  solutions  of  the  desired  concentration  of  a  particular  fatty 
acid,  along  with  a  smaU  fraction  of  the  probe  Py^tg.  Py^M  waa 
first  dissolved  in  HD/toluene  (1:1)  by  warming  to  shout  ^  *C. 
The  mixed  solutions  were  prepared  by  diluting  more  concentrated 
Py-Cit/(HD  +  toluene)  solutions  and  mixing  with  a  host  fatty 
acid  solution  to  ths  desired  molar  ratios.  The  final  soiutkma  were 
of  total  acid  concentration  of  0.(X)S  M  in  solvent  mixturea  con¬ 
taining  about  10%  by  volume  of  toluene  in  HD. 


3.  Characterixation.  A  telescope-goniometer  was  used  to 
measure  the  static  contact  angles  of  HD  and  water  on  substrates 
before  and  after  sdswption  of  the  fstty  sci<^  Meaaurem^ 
made  under  atmospheric  cooditione.  A 
with  a  He-Ne  laser  source  waa  used  to  measure  the  film  thidmess. 


(aCker'tner 


Infrared  spectra  of  the  edaorbed  filma  were  obtained  with  a 
Perkin  E'.mer  1710  FTIR  spectrometer,  equipped  with  a  OTGS 
detector  and  a  nitrogen-purged  samf^  chambtf .  The  transmission 
IR  spectra  of  the  adsorbed  spades  were  directly  measured  on  the 
glass  slides.  The  A7*R-1R  spectra  were  taken  on  the  same 
spectrometer,  using  a  multiple  internal  reflection  attachment 
obtained  from  Harrick  Scientific  Inc.  The  ATR-IR  spectra  of 
adsorbed  species  were  obUiniKl  by  pressing  two  film-covered 
substrates  against  the  internal  reHection  surfaces  of  the  ATR 
crystal  All  spectra  were  taken  with  4-<rm*‘  resolutioa  in  pracUce. 
it  was  usually  necessary  to  average  1000-2000  acans  in  order  to 
obtain  spectra  of  acceptable  signaJ-to-noise  ratioi  The  reference 
spectra,  taken  with  clean  subetrates  prior  to  adsorption,  were 
sub^trected  from  the  sample  spectre  during  data  processing. 


Fluorescence  emission  spectra  of  the  pyrene-doped  monolayers 
were  obtained  with  a  Spex  Fluorolog  212  spectrofluorometer  with 
a  450-W  Xenon  arc  lamp.  The  excitation  wavelength  was  set  at 
343  nm.  end  the  spectre  were  taken  in  the  front-face  mode. 
Because  of  the  low  signal  intensity  from  these  monolayer  samples, 
wide  silt  widths  were  used  (2  mm),  and  multiple  scans  (two  to 
five)  were  averaged. 


Scn'o’Vvo. 


3.  Results 

1.  Surface  Wettability  and  Monolayer  Formation. 

It  is  well-known  that  the  change  in  surface  wettability  of 
the  substrate  can  reflect  the  adsorption  of  the  amphiphilic 
molecules.*'*  In  this  work,  it  was  used  as  a  qualitative 
indicator.  Clean  glass  and  aluminum  substrates  were 
wetted  jy  both  water  and  hezadecane;  i.e.,  they  are  both 
hydrophilic  and  oleophilic.  The  measured  contact  angles 
were  small,  approximately  5^  (^4^).  After  the  edsorption 
of  the  amphiphilic  fatty  acid  molecules,  the  surface 
wettability  was  drastically  altered,  as  indicated  by  the 
sheeting-off  of  the  oil  solutions.  Contact  angle  measure¬ 
ments  of  equilibrated  samples  indicated  that  the  fatty 
acid/Al  films  were  both  hydrophobic  and  oleophobic.  as 
has  been  reported  previously.*’*  The  static  water  contact 
angle  on  equilibrated  fatty  acid/Al  samples  obtained  was 
about  97'^  (:k2*).  and  the  static  hexadecana  contact  angle 
was  about  47*  f^2*).  For  fatty  acid/glass  samples,  the 
hexedecene  contact  angle  waa  close  to  that  of  fatty  add/AJ. 

However,  the  water  contact  angle  was  small  4.5-IO*).  and 
the  fatty  acid  monolayers  were  apparently  lifted  off  by 
water.*  as  indicated  by  subsequent  hexadecane  contact 
angle  and  IR  measurements. 

To  confirm  the  formation  of  monolayers,  the  thickness 
of  equilibrated  fatty  acid  films  Cii-Cg/ A1  was  measured 

by  eilipsometry.  The  resu  ta,  which  are  given  in  Table  i,  TBL  I  (006.  9-10) 

are  very  similar  to  those  previously  reported  by  Aiiara  and 

Niizzo*  and  show  that  the  film  thicknesses  correspond  to 

the  extended  zig-zag  molecular  lengths  of  the  fdm-forming 

molecules.  This  suggests  that  they  are  indeed  monolayers. 
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9  with  the  fatty  acid  chains  organized  approximately  per- 
le  pendicular  to  the  substrates. 

FARM 

SEN03  1  The  chemical  composition  of  the  substrate  has  been 

10  kno^vn  to  play  a  vital  role  in  the  formation  of  adsorbed 
SENoe  31  films.^  We  have  also  attempted  the  same  immerston-re* 

8  moval  procedure  of  film  preparation  with  Si  (having  a  thin 
SEN09  19  top  layer  of  native  oxide)  and  quartz  substrates.  No 

3  oleophobic  films  of  fatty  acid  were  formed  by  adsorption. 

SEN12  13  consistent  with  that  previously  reported.  A  possible  ex- 

4  planation  of  this  observation  involves  the  metai  oxide 
SENift  13  composition  of  the  substrate.  According  to  data  from  the 

7  manufacturer,  the  glass  slides  used  in  the  present  work 

18  contain  approximately  72.6%  silica,  along  with  several 
23  other  metal  oxides,  the  major  ones  being  Na^O  (14.1%), 

SENis  33  CaO  (7,1%),  MgO  (3.6%),  and  Ai^Oj  (1,8%).  These  metal 
4  atoms  present  on  the  surface  could  promote  the  anchoring 
13  of  the  acid  head  group,  perhaps  by  chemical  bonding  (salt 
23  formation  indicated  by  infrar^  spectra),  while  the  van  der 
33  Waals  interaction  among  the  aliphatic  tails  of  the  moie- 
40  cules  stabilizes  the  molecules  within  the  adsorbed  layer, 

SEN2t  49  perhapB  by  cryataWizathn.  The  lack  of  these  additional 

7  metal  ions  in  pure  silica  may  lead  to  poor  anchoring. 

FARM 

SRNm  I  The  binding  strength  of  the  fn tty  nrid  monolnvem  to  the 
13  glass  substrate  is  lower  than  those  to  the  (oxidized)  alu- 
31  minum  substrates,  as  Indicated  by  the  poor  resistance  of 

30  fatty  acid/glass  to  water  compared  to  the  total  stability 
SENOs  39  of  fatty  acid/Al.  This  could  also  be  attributed  to  the 

9  smaller  extent  of  metal'-acid  interaction  in  films  on  glass 
SEN09  18  than  those  on  aluminum.  When  in  contact  with  water,  the 

9  adsorbed  fatty  acid  molecules  on  the  nonmetal  (i.e.,  SiOj) 

17  sites  of  the  surface  may  be  replaced  by  water  molecules 

37  since  the  physical  binding  of  the  acid  head  group  to  StO} 

38  is  weaker  than  the  site-water  interaction. 

PAR69 

SEN03  1  2.  Infrared  Spectra  of  Adsorbed  Films.  Transmis* 

SEN09  3  sion  infrared  spectra  of  the  adsorbed  species  were  obtained 
u  for  the  IR  transparent  range  of  glass  (wavenumber  >  2500 

31  cm'*),  which  contains  the  CH^  and  CHj  stretch  peaks  of 
SEN13  31  the  aliphatic  tails  of  the  fatty  acid  molecules.  A  typical 

4  unpoiorized  transmission-IR  spectrum  of  two  stearic  acid 

11  monolayers  (one  monolayer  on  each  side  of  the  glass  slide) 

3t  adsorbed  from  O.Ol  M  hexadecane  solution  at  equilibrium 

SENIS  39  is  shown  in  Figure  1.  This  spectrum  is  similar  to  the  FIG  I  (012,33-34) 

8  high-frequency  portion  of  the  bulk  spectrum  of  stearic  acid 

17  obtained  from  a  dispersion  in  a  KBr  pellet  (not  shown). 

77  with  peaks  assignable  to  the  CH7  symmetric  and  asym- 
38  metric  stretches  (2S50  and  2920  cm  *,  respectively)  and  the 
44  CH3  symmetric  and  asymmetric  stretches  (2890  and  2962 
M  cm'*,  respectively). 

PAR73 

SEN03  I  To  obtain  the  full-range  IR  spectrum  of  the  adsorbed 
SENoe  II  species,  unpolarized  ATR  measurements  were  made.  Two 
3  i.ubstrates  with  adsorbed  Hlms  prepared  in  the  same  way 
13  were  pressed  against  the  two  ATR  crystal  surfaces  so  that 
33  the  adsorbate  was  sampled  by  the  internally  reflected  IR 
SCN09  31  beam.  A  moderate  pressure  was  necessary  in  order  to 

10  "push*  the  substrate  surface  into  the  penetration  range  of 

19  the  IR  beam,  which  is  on  the  order  of  several  thousand 
SEN13  30  angstroms.  After  some  experimentation,  a  suitable 

7  pressing  condition  was  determined,  and  reproducible 
SEN18  13  spectra  could  be  obtained.  However,  the  detailed  effect 

€  of  the  pressure  exerted  by  the  plates  on  the  molecular 

18  organization  in  the  fatty  acid  dims  may  be  rather  com- 
SENIS  29  plicated  and  will  not  be  discussed  here.  Shown  in  parts 

5  a  and  b  of  Figure  2  are  the  typical  ATR-IR  spectra  of  FIG  2  (018,10-U) 

17  ad^i.rf'"^  <itcaric  acid  adsorbed  at  equilibrium  on  glass  and 
SEN21  38  Al  substrates,  respectively.  One  significant  difference 

5  between  spectra  on  these  two  substrates  is  that  only  the 
IS  1420/ 147()-  and  L580-cm''  peaks,  assigned  to  the  syrnme- 
33  trie  and  asymmetric  COO~  stretches,  were  observed  for 
30  Cfi/AI,  while  the  1730-cm'*  peak,  assigned  to  the  free  acid 
40  stretch,  was  seen  in  addition  to  the  carboxylate 

SEN34  49  stretches  for  Cfi/glass.  This  implies  that  on  the  At  sub- 

8  strata  the  anchoring  acid  head  groups  were  totally  de- 

18  protonated  into  salt  (COO'),*  but  on  the  gloss  substrate 
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2S  only  a  portion  of  them  were  deprotonated  on  adsorption, 
SENTT  34  the  remainder  remaining  aa  free  acid.  This  is  also  con* 
3  sistent  with  the  discussion  of  the  previous  section  in  that 
1ft  the  metal  atoms  on  the  surface  can  cause  deprotonation 
u  of  ^he  adsorbed  acid  head  group  and  the  Si  portions  can* 
34  not. 

PARTS 

SCN03  1  3.  Transient  Adsorption  Behavior.  Unpolarized 

SENos  3  transmission-IR  or  ATR-IR  was  used  to  follow  the  vaha- 
u  tion  of  the  peak  intensities  of  Cta  adsorbed  films  prepared 
21  for  various  times  of  immersion  from  solutions  of  various 
SENI3  30  adsorbate  concentrations.  Contact  angle  measurement  was 

6  used  to  follow  the  surface  wettability  change  with  time. 
SENift  1  With  solutions  of  relatively  low  concentrations 

9  M  for  glass  substrate  and  M  for  aluminum  sub- 

18  strate),  the  initial  variation  of  IR  peak  intensities  and 
27  contact  ^gles  with  t^e  time  of  immersion  could  be  ob- 
38  served^x^th  the  IR  ^d^rption  peak  intensities  and  the 
4«  contact  angles  increased  initially  with  increasing  time  of 
34  immersion  as  well  as  increasing  adsorbate  concentration. 
61  and  they  asymptotically  reached  plateau  values  at  long 

SENis  69  immersion  times  and  high  solution  concentrations.  The 
3  time  required  to  reach  the  maximum  nonwettability  in¬ 
to  creases  with  decreasing  concentration  of  adsorbate  aolu- 
16  tion. 

PARTS 

SEN03  1  Parts  s  and  b  of  Figure  3  show  Che  2920-cm~'  trans- 
12  mission  IR  peak  intensity  and  the  HD  contact  angle  var- 
21  iation  for  Cts/glass.  and  parts  c  and  d  of  Figure  3  show  the 
34  2920-cm'*  ATR-IR  peak  intensity  and  the  water  and  HD 

SCN06  43  contact  angle  variation  for  Cyt/Al,  respectively.  The  in- 
3  tensity  of  the  peaks  other  than  the  ^20-cm*'  one  also 
SBH09  13  increased  proportionately.  The  plateau  intensities  of  the 

7  high-frequency  peaks  (CHj  and  CHj  stretches)  were  quite 

15  reproducible,  up  to  about  ±5%,  which  is  essentially  the 
SEN12  24  error  of  IR  measurement  at  this  intensity  level.  However, 

3  the  reproducibility  of  the  carbonyl  and  carboxylat^stretch 
11  peaks  in  the  lower  frequency  range  was  somewhat  worse 
20  (±20%). 

PAR41 

SEN03  1  4.  Fluorescence  of  Monolayers  Containing  Pyr- 

SEN09  6  ene-Labeled  Probes.  In  order  to  utilize  the  fluorescence 

8  probe  method  to  study  the  self-assembled  films,  mea¬ 
ts  suremenCs  were  performed  on  aikanoic  acid  monolayers 

SBN13  22  containing  a  pyrene-labeled  probe.  They  were  prepared 
5  on  the  A1  substrates  instead  of  the  glass  slides  because  an 

16  impurity  fluorescence  of  the  glass  slides  caused  difficulties 
sSNis  34  in  the  analysis  of  the  spectra.  With  fluorescence  probes 

ft  positioned  very  close  to  a  metal  surface,  the  fluorescence 
SEN18  14  intensity  is  strongly  quenched  by  the  metal. In  this  case, 

5  considering  that  the  pyrene  groups  are  located  within  100 
14  A  of  the  aluminum  surface  (the  native  oxide  layer  on  Al 
25  was  approximately  50  A  thick),  the  estimate  ovrene 
33  fluorescence  lifetime  is  about  1  order  of  t^8[^Sghttude  less 

SEN21  43  than  the  solution  values.  Nevertheless,  good  fluorescence 
ft  spectra  can  still  be  obtained. 

PARS4 

SEN03  I  Mixed  monolayers  containing  the  fluorescence  probe 

6  pyrene  hexadecanoic  acid.  Py-C|<.  in  host  fatty  acids  of 

17  even-numbered  carbons  from  Ciq  to  were  prepared  by 
36  adsorption  from  solutions  containing  mostly  the  host  fatty 

SEN06  34  acid  and  1-5  mol  %  of  Py-Ci^.  All  monolayers  were 
3  prepared  under  equilibrium  adsorption  conditions. 

PARXT 

SEN03  I  A  typical  fluorescence  emission  spectrum  of  a  Py- 

9  Ct«/C|g  mixed  monolayer  prepared  from  an  HD  solution 
17  of  0.005  M  total  acid  in  which  2%  was  Py-C|«  is  shown 

SEN06  29  in  Figure  4.  Although  the  spectrum  of  pyrene  and  its 
9  derivatives  has  appeared  in  many  places  in  the  literature, 
ts  we  reproduce  a  typical  spectrum  here  to  demonstrate  the 
77  quality  of  data  obtainable  tor  these  low  concentration 
SCN09  35  doped  monolayers.  The  shape  of  this  spectrum  is  similar 
9  to  the  usual  pyrene  emission,  with  peaks  between  370  and 

19  430  nm. 

PARM 

SBN03  I  There  is  no  significant  excimer  formation,  as  demon- 
SEN06  9  strated  by  the  lack  of  a  peak  at  about  470  nm.  In  all  cases 
ft  studied  here  (host  length  «  14-22  carbons;  1-5%  guest  in 
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adsorbate  solution),  the  /e/^m  values  of  the  emission 
ranged  between  0.0 1  and  0.0S.  This  shows  that  the  Py-Oic 
molecules  did  not  aggregate  within  the  adsorbed  mono- 
layers,  and  thus  we  can  assume  the  chromophores  were 
randomly  distributed  in  the  mixed  monolayers.  It  should 
be  noted  that  the  concentration  of  the  probe  molecules  in 
the  adsorbed  monolayers  may  not  be  identical  with  the 
fraction  of  the  probe  within  the  total  adsorbate  concen¬ 
tration.  Judging  from  the  excimer  fluorescence  content, 
the  fraction  of  probe  in  the  adsorbed  films  ia  likely  leas 
than  that  in  the  adsorbate  solutiona. 

Since  the  fluorescence  observed  for  the  mixed  mono- 
layers  was  predominantly  from  isolated  pyrene  chromo- 
phorea.  the  monomer  emission  intensity  should  correspond 
to  the  amount  of  Py-C^^  adsorbed  on  the  substrate.  With 
host  fatty  acids  of  carbon  number  greater  than  about  14. 
the  pyrene  monomer  emission  intensity  was  found  to  in¬ 
deed  vary  with  the  preparation  conditions.  Figure  5  shows 
the  377-nm  peak  intensity  of  mixed  monolayers  prepared 
at  equilibrium  from  solutions  of  1-4.8%  tagged  acids  in 
0.005  M  total  concentration.  The  intensity  increased  ap¬ 
proximately  linearly  with  the  molar  fraction  of  Py~Ct«  in 
solution  and  decreed  by  about  half  as  the  carbon  number 
of  the  host  fatty  acid  increased  by  2.  With  host  fatty  acids 
C|4  and  lower,  however,  this  trend  was  not  followed.  For 
these  short  chains,  a  different  adsorption  mechanam  may 
be  dominant  or  th'j  adsorbed  film  may  be  disordered. 

4.  Discussion 


t.  Adsorption  Kinetics  and  Transient  Langmuir 
Kinetic  Model.  The  IR  and  contact  angle  data,  shown 
in  Figure  3a-d,  show  almost  identical  trends,  as  previously 
discussed.  The  change  in  water  and  HD  conUct  angles 
indicates  the  change  in  surface  chemical  composition  of 
the  substrates.  Clean  glass  and  aluminum  surfaces  have 
contact  angles  close  to  zero,  while  at  long  immersion  times 
and  with  high  enough  solution  concentrations  the  contact 
angles  of  the  adsorbed  films  approach  plateau  maximum 
values.  The  parallelism  of  the  increase  in  the  contact 
angles  and  the  IR  absorbance  suggests  that  these  two 
measurements  monitor  the  same  quantity — the  surface 
coverage  of  the  adsorbate.  Intermediate  v^ues  of  contact 
angles  and  epdsorbance  between  the  initial  and  the  maxi¬ 
mum  values  correspond  to  intermediate  surface  coverages. 
At  these  intermediate  coverages,  the  adsorbate  molecules 
are  prehaps  organized  in  a  patchlike  fashion,  and  the 
contact  angle  measurement,  which  takes  a  macroscopic 
average  over  a  certain  surface  area,  picks  up  some 
"average”  value  between  that  of  the  clean  surface  and  the 
fully  covered  one. 


If  we  assume  that  the  plateau  adsorption  at  the  highest 
solution  concentrations  corresponds  to  the  full  coverage 
of  the  surface  "sites”  of  the  substrate,  as  for  the  monolayer 
adsorption,  the  fractional  coverages  of  the  substrate  surface 
can  then  be  calculated  from  the  normeiized  IR  peak  in¬ 
tensities.  From  theoretical  considerations,  monolayer 
adsorption  can  be  thought  of  as  a  surface  site  Oiling  pro¬ 
cedure.  with  the  adsorption  and  desorption  steps  coun¬ 
teracting  each  other. 


Here,  we  also  neglect  the  diffusional  mass-transfer  re¬ 
sistance,  as  has  previously  been  validated  by  Grow  and 
Shaeiwitz^'  for  adsorption  of  several  surfactants  from 
aqueous  solutions.  In  general,  for  the  adsorption  of  sur¬ 
factants  onto  planar  surfaces,  the  surface  concentration 
of  the  adsorbate  is  so  small  that  the  adsorption  step  is 
always  rate-controlling.  In  this  manner.^’*^  a  transient 
Langmuir  adsorption  kinetic  model  can  be  written  as 


dt 


(i» 


where  0  is  the  fractional  surface  coverage  calculated  from 
the  normalized  fR  peak  intensity,  I  is  (he  adsorption  time. 
k,  and  k.  are  the  adsorption  and  deaorption  rata  constants. 


FIG  5  (009.  3-  4) 
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Nq  is  the  surface  adsorbate  concentration  at  full  coverage, 
and  c  is  the  solution  concentration  of  adsorbate. 

Integration  with  the  initial  condition  «  0  at  t  »  0  gives 

This  equation  reduces  to  the  Langmuir  adsorption  iso* 
therm  at  equilibrium,  le..  as  i  ^  « 


*.C  ^  c 

k^c  +  ^4  c  +  < 


(3) 


where  ~  ■ 

t  ■  ft./*,  «  exp(AC,’/fiT) 

and  AC,*  is  Che  free  energy  of  adsorption  at  infinite  di¬ 
lution. 


For  the  adsorption  of  Cia  from  solutions  of  concentra¬ 
tions  between  10'’  and  lO**  M  onto  glasa  slides,  the  tran¬ 
sient  absorbance  data  obtained  in  section  3.3.  can  be  used 
for  kinetic  calculations.  Figure  6a  shows  the  transient 
surface  coverage  obtained  by  normalizing  the  2920-cm'' 
IR  absorption  peak  intensities,  such  as  those  shown  in 
Figure  3a,  Ic  the  plateau  value  at  higher  solution  concen¬ 
trations  (c  2  5  X  10^  M)  and  long  enough  immersion  times 
(C  >  S  min).  For  solutions  of  concentration  on  the  order 
of  10'’  M,  full  coverage  (I  w  1)  was  reached  in  a  couple  of 
minutes.  On  Che  other  hand,  for  very  dilute  solutions,  it 
took  hours  to  reach  the  equilibrium  coverages,  9^,  which 
were  less  Chan  unity.  The  equilibrated  coverage  data, 
obtained  with  glasa  slides  immersed  in  solutions  for  24  h, 
were  also  reasonably  well  Fitted  with  eq  3,  as  shown  in 
Figure  6b.  Using  the  value  of  «  obtained,  we  used  the 
functional  form  of  eq  2  to  fit  the  data  (as  shown  by  the 
curves  in  Figure  6a)  with  an  exponential  constant,  which 
should  equal  (-ft,///.)(c  +  ft./ft,).  As  a  check  for  fitting, 
the  exponential  constants  obtained  were  plotted  against 
c,  as  shown  in  Figure  6c.  As  can  be  seen,  the  fitting  of  the 
model  was  reasonably  good. 

From  the  above  data  fitting,  the  numerical  value  i  ~  (1.5 
±  0.1)  X  10'’  mol/cm’  was  obtained,  which  in  turn  gives 
the  free  energy  of  adsorption  AC?,*  «  -7.3  ±  O.I  Kcal/mol 
for  C|)/glass.  The  numerical  values  of  the  adsorption  and 
desorption  rate  constants  ft,  and  ft.  can  be  obtained  from 
the  fitting,  if  the  surface  concentration  at  full  coverage. 
No,  is  known.  If  we  assume  N.  *  8.3  X  lO'*’  mol/cm’, 
which  corresponds  Co  an  area  of  »>20  A’  per  fatty  acid 
molecule  (the  area  projected  in  the  transverse  direction 
taken  up  by  a  closely  packed  carbon  chain).’  we  find  that 
ft,  »  (1.0  ±  0.1)  X  10'*  cm/s  and  ft.  -  (1.5  ds  0.1)  x  10''* 
mol/(cm’s). 


Parts  a  and  b  of  Figure  7  show  similar  results  for  the 
adsorption  of  stearic  acid  from  solutions  of  concentrations 
between  10'*  and  KT*  M  onto  aluminum  substrates,  again 
obtained  by  monitoring  the  normalized  2920-cm'*  ATR-IR 
absorption  peak  intensity.  The  trends  observed  in  this 
system  are  the  same  as  those  of  the  Ci./ glass  case,  but  the 
range  of  solution  concentration  over  which  significant 
coverage  variation  can  be  seen  is  quite  different.  For  so¬ 
lution  concentrations  greater  than  about  0.001  M.  the 
adsorption  was  very  rapid,  much  faster  than  in  the  Ci./ 
glass  case.  Again,  the  Hcs  were  reasonably  good,  and  we 
obtain  >  -  (5.0  ±  0.4)  X  lO'”  mol/cm’  and  AC,*  •  -9.2 
±  0.1  kcal/mol  for  C|,/ aluminum.  If  we  again  assume  N. 
”  8.3  X  10"'®  mol/cm%  we  estimate^ that  ft,  “  (5.2  ±  0.4) 
X  (O'*  cm/a  and  ft.  -  {Z6  ±  0.3)  x  10"  mol/(cro’  a). 

These  kinetic  constants  may  he  underestiroations  be¬ 
cause  the  actual  N.  may  be  greater  than  the  ideal  value 
as  a  result  of  surface  rotgthness.’  In  this  work,  no  attempt 
was  made  to  control  the  surface  roughness  of  either  type 
of  substrate.  The  glass  slides  received  from  the  manu¬ 
facturer  were  not  microscopically  smooth,  and  the  ther- 
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FNT  24-27 
FIG  7  (003,  9-10) 
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maily  grown  aluminum  oxide  on  the  evaporated  aluminum 
substrate  will  also  lead  to  a  considerable  degree  surface 
roughness. 

The  adsorption  and  desorption  constants  and  can 
be  mathematically  described  by  a  one-dtmensional  inters 
action  energy  profile  model.*®-**  This  is  illustrated  sche* 
matically  in  Figure  8.  where  ^  is  the  adsorbate^urface 
interaction  energy  and  x  is  the  distance  between  the  ad* 
sorbate  and  the  surface.  On  the  basis  of  an  order*of* 
magnitude  analysis  assuming  a  9quare*well-type  profile. 
Grow  and  Shaeiwitz**  determined  li,  as  a  function  of  the 
adsorption  barrier  and  as  a  function  of  the  de¬ 
sorption  barrier  According  to  their  calcula¬ 

tions,  the  k^  and  k^  values  obtained  in  this  study  corre¬ 
spond  to  adsorption  and  desorption  barriers  on  the  order 
of  l2kT  and  2QkT,  respectively,  for  Cij/Al  and  181*7' and 

311* T,  respectively,  for  C|g/glas8.  The  value  of  C|«/A1 

is  smaller  than  that  of  Cig/glass.  but  the  value  of 
Cis/Al  is  greater  than  that  of  C,g/glas9.  The  high  ad¬ 
sorption  barrier,  is  mostly  from  the  negative  entropy 
of  adsorption  due  to  the  loss  of  configurations  of  the  hy¬ 
drocarbon  chains.*®  However,  the  values  obtained  here 
show  that  there  is  still  a  difference  due  to  the  substrate, 
perhaps  not  only  resulting  from  the  sdsorbste-surface 
interaction  but  also  ths  difference  in  surface  roughness. 

For  adsorption  of  surfactants  from  aqueous  solutions  on 
polar  surfaces,  although  the  mechanism  is  bilayer  forma¬ 
tion.  the  Langmuir  kinetics  has  been  applied  to  the  ad¬ 
sorption  of  the  first  monolayer.  Tabulate  in  Table  11  is 
an  order-ofmagnituie  comparison  of  our  results  with  the 
kinetic  constants  reported  for  adsorption  of  a  number  of 
surfactants  from  solutions  obtained  by  using  the  Lang- 
muir-type  model. 

A  detailed  comparison  between  different  systems  is  not 
possible  because  of  factors  such  as  the  pore  diffusion  mass 
transfer  resistance  for  particulate  adsorbents,  the  effect 
of  different  adsorbents,  the  preparation  or  cleaning  con¬ 
ditions.  and  the  ionic  strength  effect  for  aqueous  solutions. 
However,  the  comparison  shows  that  the  parameters  k„ 
k^,  and  «  obtained  for  stearic  acid  ^  glass  in  this  work  were 
roughly  of  the  same  order  of  magnitude  os  those  obtained 
in  most  other  studies  for  surfactiuits  of  comparable  chain 
length  adsorbed  onto  glass,  alumina,  or  similar  adsorbents. 
The  two  cases  that  showed  the  most  discrepancy  were  as 
follows:  (1)  «  and  k^  were  notably  high  for  the  cetyl- 
pyridinium  chloride  -•  TiO?  system.**  in  which  there  is 
possibly  a  different  heed  group  orientation;  (2)  was 
particularly  low  for  the  Aerosol-OT  Ge  system.**  in 
which  the  surfactant  has  rather  short  chains  and  the  ad¬ 
sorbent  Ge  is  a  rather  inactive  substance.  The  most  sig¬ 
nificant  observation  of  these  results  is  that  the  values  of 
l/«  and  k,  for  stearic  acid  —  Al  are  significantly  greater 
than  those  for  any  other  system  with  particulate  mineral 
adsorbent  studied.  This  indicates  that  the  adsorbing 
ability  of  metallic  aluminum  (even  oxidized)  is  considerably 
higher  relative  to  the  mineral  oxides. 

For  practical  purposes,  the  adsorption  kinetic  model  can 
be  used  to  calculate  the  necessary  concentration  and  time 
of  immersion  needed  to  prepare  a  compact  monolayer  on 
a  particular  solid  substrate  surface.  The  dependence  of 
K  on  the  hydrocarbon  chain  length  will  be  discxissed  in  the 
next  section. 


2.  Determination  of  Relative  Adsorption  Constants. 
If  we  use  ■  Langmuir-type,  two-component,  competitive 
adsorption  model,  the  fractional  coverage  of  the  guest 
molecule,  9^,  can  be  expressed  as 


where  and  are  the  equilibrium  constants,  as  defined 
in  eq  3,  for  the  guest  molecule  Py-Ctg  and  the  host  fatty 
acid,  respectively.  /  is  the  monomer  fluorescence  (377  nm) 


FIG  8  (006,  8-  9) 


TBL  II  (006.  5-  6) 
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PARUS 

SBNos  1  The  constant  for  the  guest  molecule  is  unknown. 

II  leading  to  unknown  probe  concentration  in  the  films,  as 
SENos  30  mentioned  in  section  3.4.  However,  this  problem  can  be 
7  eliminated  by  taking  the  ratio  of  the  slopes  of  any  two  lines 
IS  in  Figure  5,.which_^uals  the  ratio  of  the_con3tants^fc^ 
»i*  between  host  fatty  acids'lsu^  as  «h(Cii)/*h(C^o)^<h^ 
SENOS  37^(Cx)/«it(Qs)i  These  ratios,  in  turn,  give  the  differ«R^ 
9  of  the  free  energy  of  adsorption  between  various  host  fatty 
SEN13  II  acids.  With  the  value  for  C}g/Al  obtained  in  section  4.1. 

11  as  the  starting  point,  the  values  for  other  fatty  acids 

33  can  then  be  calculated,  aa  shown  in  Figure  9. 

PARisa 

SEN03  I  As  previously  discussed,  the  Langmuir  ac  iorption  mode] 

9  does  not  apply  for  systems  with  fatty  acids  shorter  than 
SENoi  19  C,}.  It  is  possible  that  for  these  systems  there  is  a  different 

IS  and  complicated  adsorption  mechanism,  such  as  multilayer 
30  formation,  aa  AUara  and  Nuso  have  suggested  on  the  b^is 
•  30  of  their  ellipsometry  measurements.^ 

PARNl 

SEN03  I  For  fatty  acids  long  enough  to  achieve  the  Langmuir 
n  adsorption  behavior,  based  on  the  energy  additivity,  the 
19  contribution  made  by  the  head  group,  and  that 

29  of  the  Ne  methylene  groups  to  the  free  energy  of  adsorption 
39  of  a  surfactant  may  be  separated  aa 
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-AG/  --AG/-‘  +  7V,lV  (6) 

where  W  is  the  energetic  contribution  of  the  carbon  chain 
per  unit  methylene  group.  As  shown  in  Figure  there  is 
a  linear  increase  in  the  negative  free  energy  of  adsorption, 
and  from  eq  2  we  obtained  W  «  230  ^  20  cal/mol  per  CH} 
in  the  aliphatic  tail  This  can  be  interpreted  as  the  con« 
Cribution  of  Che  van  der  Waals  interaction  among  the  aj' 
iphatic  chains  to  the  stabilizatiou  of  the  adsorbed  am' 
phiphilic  molecules. 


REQU  6  (003.45-46) 


Bigelow,  Glass,  and  Zismon^^  used  a  temperature  of 
wetting  method  to  obtain  the  energy  of  adsorption  of  a 
series  of  amphtphiles  on  platinum.  They  also  obsen'ed  an 
increase  in  the  (negative)  energy  of  adsorption  with  in* 
creasing  hydrocarbon  chain  length.  In  several  other  studies 
on  the  adsorption  of  surfactants  to  air/waCer  or  oil/water 
interfaces,  such  a  trend  has  also  oeen  observed,  but  usually 
witn  a  higher  value  of  W.  A  comparison  of  these  experi* 
mental  values  is  given  in  Table  III. 

It  can  be  noted  that  except  for  one  drastically  iiffrrjnr 
result  {W  ■  1200  cal/mol  for  olkanoic  acids/oil  —  PuYthe 
W  values  obtained  for  various  surfactants  adsorbed  onto 
metal  surfaces  from  either  oil  solutions  or  melt  generally 
fell  in  the  range  200-400  cal/mol.  This  is  quite  reasonable 
since  the  melt  of  the  surfactants  has.  in  principle,  very 
similar  properties  to  the  hydrocarbon  (e.g..  HD)  solutions. 
For  surfactants /water  water  interface  systems,  the  value 
of  W  fell  in  the  range  700-800  caJ/mo),  signiTicanUy  higher 
than  that  for  oil.  melt,  or  vapor  systems.  This  is  perhaps 


due  to  the  strong  repulsion  of  water  against  the  aliphatic 


chains. 


The  trend  of  a  linear  increase  in  -AG/  with  also 
explains  the  inability  of  shorter  fatty  acids  (e.g..  <  10) 

to  self'oaaembie.  As  /V,  decreases,  the  energy  of  adsorption 
decreases  correspondingly,  and  at  some  point  either  the 
required  concentration  becomes  greater  than  the  available 
solubility  or  the  rata  of  adsorption  becomes  too  slow  for 
any  detectable  adsorption  to  occur. 

S.  Summary 

In  summary,  we  have  presented  results  of  infrared  and 
fluorescence  studies  of  the  kinetics  and  thermodynamics 
of  the  self-assembly  of  fatty  acid  on  piansir  solid  substrates 
from  oil  solutions.  We  obtained  the  Langmuir-type  rate 
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7  constants  of  adsorption  (related  to  the  mechanism  of  ad* 
IS  sorption)  and  the  variation  of  the  free  energy  of  adsorption 
SEN09  25  (related  to  the  thermodynamics  of  adsorption).  Thesr 

3  results  can  indeed  help  shed  light  on  the  understanding 
SENt3  12  of  this  type  of  systems.  For  further  understanding  of  the 

7  self-assembly  process,  detailed  studies  on  such  important 

14  aspects  as  the  substrate-adsorbate  interaction  and  the 
21  effect  of  surface  roughness  'emain  to  be  done. 
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Capw  i  Fifare  1.  High-frequency'fange  transmiuton  IR  spectrum  of 

CAP03  7  two  ateaxic  acid  (C||)  monoUyen  (one  monolayer  on  each  side) 
17  adsorbed  on  a  glass  alids  trom  0.01  M  solution  in  HO;  immersion 
29  time  «  30  min. 


Wavenufnbsf  (crh*) 

CAPOo  I  Flirurt  2.  Unpolarized  ATR*IR  spectrum  of  one  steark  acid  (C,^) 

CAPOi  10  monolayer  adsorbed  on  a  (a)  glass  slide  and  (b)  evaporated  alu- 

30  mtnum  substrate  (with  an  oude  layer  on  lop)  from  O.Ol  M  solution 
n  in  HD:  immersion  liras  *  30  min. 
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F*5ur«  3,  Transient  adso^tic"  behavior  of  Cj*  from  HD  wlutiona  monitored  by  infrared  spectroscopy  and  contact  anfle;  (a)  glass 
slides.  2920’cm'’  transmission  IR  peak  intensity;  (b)  glass  slides,  HD  contact  angle;  (c)  aluminum  substrates,  2920<iii''  peak  intensity; 
(d)  aluminum  substrates.  H«0  and  HD  contact  angles. 
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Figure  4.  Typical  nuoreacence  emission  spectrum  of  Py-Ci#/C,i 
mised  monolayer  adsorbed  on  aluminum  substrate  from  solution 
of  0.006  M  total  acid  concentration  containing  2%  by  mole. 
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1  Flfura  S.  Fluorescence  emission  peak  intensity.  377  nm.  of 
9  Py~Cts/Cq  mixed  monolayers  adsorbed  on  aluminum  substrates 
16  from  solutions  of  0.005  M  total  acid  concentration  containing 
26  1-4.8%  of  Py-Cti  by  mole,  with  host  fatty  acid  chain  length 

36  between  U  and  22. 
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Capoo  1  FlRura  7.  Kinetic  model  fitting  of  C,f  adsorption  on  aluminum 
CAP03  10  substrates:  (a)  fractional  coverage  as  a  function  of  lime  and 
21  solution  concentration;  (b)  equilibrium  coverage  twith  immersion 
u  times  >  24  h);  for  details  see  Figure  6. 
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Table  I.  Film  Thickoeee  of  Alkanoie  Aeide  Adiorbed  from  Soiutiooe  in  HD  on  (Oxidized)  Aluminum  SubtCrate  from 

Ellipeometrie  Meaeurements* 

_ edtorbate  myristie  acid  pelmtlic  acid  stearic  acid  arachidic  acid  behenic  acid 

no.  of  carbons  14  16  18  20  22 

extended  molecular  19.4  21.9  24.5  27.0  29.5 

lenfth  (A) 

film  thickneea  (A)  19.5  *  1.5  21.0  ±  1.5  23.6  sk  2  27.3  *  2  29.6  ±  2 

*  Solution  concentration  0.01  M  (C^.  C|».  C(«)  and  O.OOS  M  (C»»  Cn);  immersion  time  30  min. 
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Table  II.  Order  of  Mafnitude  Compariaoa  of  the  Adsorption  Rate  Conalaota  Meeaured  in  Different  Syatema 

_ subatance  adsorption  system  «.  mol/cm^  cm’/(mol>s)  s'* 

n>alki»ie  sulfonates  «3to-Ci*1  water  —  alumina  particles  3  x  I0  *-l  x  lO**  4  x  io*-7  x  tO*  7  x  l0'^-9  x  10**  21 

f^TTonaU  (CiJ  water  —  glass  perticlea  6x10’’  2  x  lO*  I  x  10‘*  21 

n-aikyl  benzenesulfonates  water  —  Berea  sandstone  particles  8  x  10"*-1  x  10*’  2  x  l0*-6  x  lO*  2  x  lO'-S  x  lO"*  22 


ROWlOO 

ROWIIO 

ROWI20i 
ROWI30  ( 
ROW140  ' 
ROWISO 
ROW140 


H'sUt^e  sulfonates  water  alumina  partic 

/^TTonaUt  (€,4)  water  —  glass  particles 

n-aikyl  benzenesulfonates  water  ^  Berea  sandsto: 

dodecyl  benzeneauifonate  (Cij)  water  ^  alumina  particles 

n.alkyltdmethylammonium  water  alumina  particlea 

bromdlM  (Cio,  Ct^l 

catyltrimethylammoniura  bromide  water  glass  particles 

\ 

oxyethyienated  nonylphenola  water  ^  Berea  sandstO! 

cetylpyri^iura  chloride  (CiJ  water  —  TiOt  particles 
Aeroaol-Ol\(Ctl  water  Ge  plate 

Aeroeol'OT  tCg)  heptane  ^  Ge  plate 

stearic  acid  (O^)  heiadecane  -*  glass  pla 

stearic  acid  (Ci^  hexadecane  ^  A1  plate 


3  X  10-*  1  X  10*  4  X  10"*  23 

8  X  l(r*-7  X  10“’  4  X  l0*-6  X  10*  8  X  l0'*-3  x  lO’*  21 


water  glass  particles  B  x  10~*-3  x  16^  I  x  10*  2  x  10'*  21 

water  —  Berea  sandstone  particlea  5  x  I0'*'l  x  lO'l  2  x  10*-6  x  10*  lx  10'*-8  x  lO"*  22 

water  —  TiOj  particlea  4  x  lO"*  1  6  x  10*  2  x  lO''  23 


water  —  TiOt  particlea 
water  —  Ge  plate 
heptane  Ge  plate 
heiadecane  -*  glaas  plate 
hexadecane  ^  A1  plats 

■  tovc-rm  1  cl  «  s. 
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Ttble  III.  Coapftrltoa  of  tho  Concributloa  of  tho  Freo 
Eaorcy  of  Adiorpcioa  per  Unit  Hydrocorboo  Chola  Loogtb 


BOB4a 

substance 

adsorption  syitem 

W 

cal/moi 

ref 

ROW5P 

n•tJkanoic  acid^ 

oil  ^  oil/Pt  interface 

1200 

24 

ROW40 

n^slkyltmmes  ~ 

“bil  oil/Pt  interface 

400 

24 

ROW70 

rt'tlkanoic  acida 

oil  oil/Al  interfece 

230 

thia  work 

ROW80 

n>alkyl  alcohola 

melt  -•  melt/Pt 
interface 

188 

24 

ROW90 

n>alkanoic  acids 

melt  -*  melt/Pt 
interfece 

212 

24 

ROWlOO 

n>alkylaminea 

melt  —  raelt/Pt 
interfece 

336 

24 

ROWIIO 

n-alkanamidea 

melt  meit/Pt 
interface 

103 

24 

ROW120 

n*4lkanoic  acida 

water  —  oil/water 
intarface 

830 

25 

ROWISO 

n^alkyl  alcohola 

water  -•  air/water 
intarface 

750 

28 

ROW140 

n>aikanoie  acida 

water  ^  air/water 
interface 

690 

26 

ROW150 

n-alkanoic  acida 

water  -*  air/weter 
interface 

770 

27 

ROWIM 

n*aikyl  alcohols 

vapor  —  Hf/air 
interface 

570 

26 

I  S  X  I0-* 
S  X  10-'* 


6  X  10> 

1  X  10> 

2  X  10> 
1.2  X  10> 
4  X  10* 


1.8  X  lO-* 
2  X  10-* 


23 

15 

IS 
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